Condensation and mould growth are reported as being problems in an estimated 4.2 million dwellings in England, resulting in poor health for the occupants and substantial damage to the fabric of the building. This paper examines the development of an algorithm, Condensation Targeter, to predict the relative humidity of internal surfaces and risk of mould growth in dwellings. The impacts of cold bridging, seasonal variations, variable moisture production and hygroscopic materials are reviewed (but not of interstitial condensation) and a comparison between modelled and measured data for 36 dwellings is carried out. Results indicate that a steady-state model utilising Bredem-8 to predict internal temperatures and Loudon's condensation model to predict moisture shows good (&plusmn; 10%) agreement with monitored data. A model sensitivity study shows that variations in occupant heating and density can be as important as, or even more important than, ventilation in determining mould.
Summary Condensation and mould growth are reported as being problems in an estimated 4.2 million dwellings in England, resulting in poor health for the occupants and substantial damage to the fabric of the building. This paper examines the development of an algorithm, Condensation Targeter, to predict the relative humidity of internal surfaces and risk of mould growth in dwellings. The impacts of cold bridging, seasonal variations, variable moisture production and hygroscopic materials are reviewed (but not of interstitial condensation) and a comparison between modelled and measured data for 36 dwellings is carried out. Results indicate that a steady-state model utilising Bredem-8 to predict internal temperatures and Loudon's condensation model to predict moisture shows good (&plusmn; 10%) agreement with monitored data. A model sensitivity study shows that variations in occupant heating and density can be as important as, or even more important than, ventilation in determining mould. Condensation and mould growth remain substantial problems in an estimated 22% of English housing. Similar levels are also reported in other northern European countries. There is now increasing evidence that living in such damp dwellings can have a significant impact on health(3,4). Designers of new dwellings and those refurbishing existing properties require some mechanism for assessing the impact of design changes on the risk of mould growth. The problems of mould growth in dwellings are not purely technical but are related to the way that dwellings are used, which in turn is linked to the price of fuel, changes in lifestyle and occupation densities. Tools are required for assessing these issues as well as the impact of technical changes in the fabric and ventilation of a building. Various moisture models, ranging from simple steady-state calculations to two-and three-dimensional models incorporating different hygroscopic properties have been developed(') and some moisture models have been integrated with transient thermal models(6). All such models can play a significant role in research. However, at present only simpler techniques are useful for design and policy making since much of the detail required for the more complex models is often not available at the crucial stages of design. Therefore, the accuracy of simple models needs to be assessed. One such simple model (Condensation Targeter I) was proposed by Boyd et alP) and implemented commercially as Targeter~8~ and more recently as Evaluator(36). This program has been used by local authorities and consultants and has been used as evidence in court cases~9~. The original research indicated the limitations of such a simple model(7) and also stated that any such model required some validation. Given the demand for a model, this paper examines the limitations of Condensation Targeter, proposes developments to the model (Condensation Targeter II) and compares model predictions with monitored relative humidities in 36 UK dwellings. This paper investigates the occurrence of surface mould growth and does not investigate the occurrence of interstitial condensation.
List of symbols

Condensation Targeter
The Condensation Targeter I algorithm incorporated the energy model, Bredem-5, enhanced by incorporating Loudon's condensation model~2'~. The objective of this enhanced model was to produce a computer package for use by those responsible for the maintenance and design of housing, predominately for rent, to assess the risk of surface condensation and mould growth. The model takes into account both the dwelling and occupant characteristics and is able to assess the impact of remedial measures, such as draught stripping or central heating, as well as changes in fuel expenditure, occupation density and different patterns of moisture production. The model deals only with the risk of high humidities and condensation at the surface of the building facade as a result of internally generated moisture and does not deal with the problems of interstitial condensation, rising damp or water penetration.
Limitations
When Condensation Targeter I was developed in 1987 it was considered to be the most practical solution integrating the existing knowledge. However, the authors were aware that the model required validation against measured data and that there were several limitations including the following. (a) The use of mean winter conditions for temperature and moisture levels may not model the most critical conditions. Intermittent heating, changing external climatic conditions and the hygroscopic properties of the building fabric and furnishings may result in conditions that are suitable for mould growth but are not characterised as a problem by examining the mean conditions. (b) The model predicts mean conditions within two zones of the building. Spatial averaging does not account for high condensation risk in specific rooms of a dwelling and at areas of fabric with high local heat loss such as cold bridges.
(c) The model assumes a flxed ventilation rate, yet seasonal variations in ventilation may have an impact on the internal moisture content, as may local ventilation such as extraction fans.
Research into some of these issues over the last decade has meant that substantial improvements to the original model can be developed. Figure 1 shows a schematic diagram of Condensation Targeter II incorporating a more detailed monthly thermal, moisture and mould model. These improvements are outlined in detail in the following section.
Figure 1 Schematic of Condensation Targeter II 3 Condensation Targeter developments 3.1 Criteria for mould growth Mould requires oxygen, food, spores and water to germinate and grow. However, water availability is the primary factor controlling mould growth in buildings. Spores are always present in the outside and even in the winter concentrations rarely drop below a few hundred spores per cubic metre of air(&dquo;). Oxygen is available in buildings and even a small layer of grease, as found on most building surfaces, provides an adequate quantity of food for mould to grow. The availability of moisture is therefore the critical factor. The best information currently available is that a surface surrounded by and at equilibrium with a relative humidity greater than 80%{2~40~ for a prolonged period (a month or longer) is adequate to cause germination and allow mould to grow on most common building surface materials, such as emulsion-coated plaster or wallpaper. However, on hygroscopic materials, such as certain types of leather, mould can grow at relative humidities as low as 73%~'°~ whereas non-hygroscopic surfaces such as glass and metals require 100% relative humidity and condensation for mould growth to occur. Different species of mould require different environmental conditions if they are to thrive. The three most common genera of mould found in UK dwellings include Aspergillits, Penicillium and Cladosparium. Two of the most common species, Aspergilhu versicolor and Penicilliurn brevicompuctuna, require a surface relative humidity of 79% and 80%, respectively, on emulsion-painted woodchip wallpaper at a temperature of 18°0&dquo;B In the laboratory, Aspergillus reper~s has been grown at a relative humidity as low as 76%~'~. Temperature has a slight effect on mould growth requirements. Generally, within the normal range of temperatures experienced inside dwellings, at lower temperatures mould requires a higher relative humidity to grow. However, this is not true for all types of mould and it should not be assumed that the critical condition is vapour pressure rather than relative humidity.
There is considerable anecdotal evidence that air movement can have an impact on mould growth, yet very few scientific data exist. Surfaces behind obstructions and comers are generally the first place for mould to start growing. However, this growth can normally be explained as due to the modified heat transfer at these surfaces as a result of the fabric structure and not of air movement. For example, the internal heat transfer coefficient on an unobstructed wall can be four times higher than that behind furniture where there is no air £1ow(l2). It is worth noting, however, that the vapour transfer coefficient is also related to the heat transfer coefficient by the Lewis relationship and so vapour transfer will also be reduced at such locations.
The majority of studies examining the critical conditions for mould to grow have been undertaken in controlled environmental chambers under steady-state conditions. There is currently little guidance as to the impact of transient conditions on mould growth. If, for example, the surface relative humidity is 90% for 20% of the time but the average surface relative humidity is below 80%, this may be sufficient for mould to grow even though the average surface relative humidity indicates that it will not. For this reason, at present, transient models offer little practical advantage in predicting where mould will grow, as it is difficult to interpret the results. However, what few data there are relating to transient condi-lÎons(40) suggest that if the relative humidity is above 80% for half the time then mould will grow. Analysis of monitored data in dwellings indicates that a mean relative humidity of 80% is a good indicator that the relative humidity is above 80% for half of the time.
Condensation Targeter I assumed an airspace (or room) relative humidity of 70% as the critical condition for mould growth. Condensation Targeter II assumes the critical condition of 80% at the surfaces of walls, ceilings and floors and 100% at the glazing. The following section discusses how the surface conditions can be predicted.
Cold bridging
Cold bridging occurs where there are high heat losses through a part of the building fabric. This can be due to either the inappropriate use of materials that have a high thermal conductivity or where heat losses are high owing to the geometry of the structure, such as in comers of the building. Significant developments in two-and three-dimensional thermal modelling have allowed heat flow in almost any building component to be modelled. Catalogues of typical constructions are now available that indicate the behaviour of cold bridge details(&dquo;). Cold bridges are the first place at which mould growth occurs because of their lower temperature and higher surface relative humidity. The severity of a cold bridge can be characterised by the temperature difference ratio (-rDR)~1~~.
The TDR can easily be calculated for plain surfaces with onedimensional heat flow using equation 2.
,1,
The higher the TDR the more severe is the cold bridge. Typically, the value of the TDR in most building constructions will vary between 0.0 and 0.3. A double-glazed window will have a plain surface TDR of around 0.3. Any wall surface with a TDR higher than 0.3 will be colder than the glazing and therefore condensation will occur on the wall before the window.
For surfaces with a TDR less than 0.3, condensation will occur first on the glazing and will be seen by the occupants, who will often be motivated to reduce the airspace relative humidity by increasing ventilation(&dquo;). If the condensation occurs on an opaque element, it will be largely unseen and the occupants, who are generally insensitive to relative humidity, will not increase the ventilation. The TDR is directly comparable to the temperature factor at the internal surface as currently proposed in the draft European standard<16) for the hygrothermal performance of building components, and conversion between the two is obtained by subtracting from one. Under transient conditions the surface temperature will not be predicted accurately by the TDR-However, the TDR is a good representation of the average surface temperature that a construction will experience during transient conditions(17).
Once the internal and external conditions and TDR of a particular construction are known it is possible to identify the mean surface relative humidity and temperature. Also, for a given construction, it is possible to calculate the TDR and predict the maximum airspace relative humidity required to avoid surface mould growth. Figure 2 shows a nomogram of the maximum airspace relative humidity to avoid surface relative humidity rising above 80% (the critical figure for mould growth). This clearly shows that the conventional wisdom of maintaining airspace relative humidity below 70% is effective only for constructions that have a TDR lower than 0.1. Examples of constructions that have a TDR greater than 0.1 include most windows and doors, solid walls and early cavity walls with Uvalues greater than 0.8 W m-1 K-1, some of which may require airspace relative humidity to be kept below 60% to avoid mould growth. Condensation Targeter II allows the TDR for any part of the structure to be incorporated into the calculation. The TDR is then used to calculate the mean surface relative humidity. For plain constructions the TDR is calculated from the U-value. For constructions of more complex geometry a TDR must be entered that is based on either finite-element calculations or published catalogue data.
3.3 Moisture production Moisture production in a dwelling is variable, localised and occupant dependent. The best that any model can hope to achieve is to model a typical occupancy pattern. The model will never predict what a particular occupant will do. BS 5250 gives typical moisture production rates for a variety of different moisture-producing household activities. These are, however, dependent on detailed occupancy and are prone to change as a result of the introduction of new technologies into the home, such as the increased use of microwave cooking and pre-cooked meals. Although the impact of technological changes can be predicted from theory, the most difficult thing to model is how occupants will use any new technology.
Therefore, moisture production algorithms will always have an empirical nature and should be reviewed regularly. The number of occupants assumed will also depend upon the application of the model. For example, when designing systems for social housing it may be best to assume the permitted maximum number of occupants.
Following the review of literature relating to moisture production(17-22} a new moisture production calculation procedure has been developed. This takes into account the available data on Table 1 Moisture production calculation moisture production and enables the calculation of the daily moisture production rate in a dwelling with a minimum number of input parameters. Each of the key factors affecting moisture production are analysed separately and the algorithms used to predict the total moisture production in Condensation Targeter II are listed in Table 1 . Figure 3 shows the typical breakdown of moisture production fur a consisting of two adults and two children, who sometimes dry clothes indoors.
Thermal modelling
Condensation Targeter 11 requires a thermal model to predict the internal temperature. The internal temperature is determined by the heat loss of the building, the type of heating system, its control and other sources of internal heat gain. The most difiicult to predict is the heating system control. Even if the system is adequately sized and in theory can be controlled to maintain comfortable conditions, occupants may chose to maintain conditions below comfort in order to make costs For this a key input into Targeter is the annual. fuel expenditure; this, along with the heating system efficiency and data, is used to determine the mean temperature. Bredem has shown itself to be one of the most reliable thermal models for predicting the energy costs of a and so has been inc?rpariied into Targeter to predict the mean internal temperature.
Several versions of Bredem are now available. This paper examines the use of Breclem-12'31,, which calculates a seasonal average internal temperature and uses heating season degree-days 10 characterise the external climate and Bredem-8(15), which predicts mean monthly energy consumpand temperatures from mean external temperature and solar radiation.
3 Mc)istu~,e model!L-ig Condensation Targeter II requires a moisture model to prejict the internal vapour pressure, which, combined with the temperature,, can be used along with psychrometric data to predict both the monthly airspace and surface relative humidity. Moisture movement through a building is far more complex to predict than is that of heat. Many of the mechanisms by which moisture moves through the fabric are poorly understood or the material properties;, which miluence this movement, are often poorly characterised. Figure 4 shows the typical moisture news in a dwelling. The nmiority of moisture is carried direcdy by ventilation. Therefore, the amplest approach is [0 assume moisture transier occurs Eq=i~i.:iorr 3. BS5250 simplifies the above to predict vapour pressure for conditions typically found in dwellings:
Because of the relatively high vapour resistivity of most building fabrics, diff=si?n is a negligible factor, accounting for approximately 1% of the moisture transferred by bulk air movement, The hygroscopic impact is far more to predict and several attempts have been made to find simple methods of characterising the impact of the fabric and r ii'shirgs~'9,'-',' 1 Without over short time periods hygroscopic properties can pisy a major role in damping down the variations associated with high moisture production. For example, Lhe peak excess water vapour content of a kitchen during a short cooking period is one-third the value that theoretically would be expected there were no hygroscopic materials~'. On a cycle his been estimated that only the first 10 mm of fabric is involved in moisture transfer. The surface layer responsible for ihe hygric storage ci-~,,ily swings in the indoor air humidity is very small. The corresponding thickness for temperature swings is about 100 mm(30). If one assumes that the greatest swing in relative humidity from one day to another is 30% and the surface area of hygroscopic fabric is 200 m2, then over the day some 6 kg of moisture will move between the . air and the fabric.
However, such a large swing is only likely to take place on a few days in the year such as at the end of summer when the heating system is turned on. Jones has proposed a moisture admittance equation that defines two admittance coefficients, a and {3, which account for the moisture adsorption and desorption within the dwelling. Jones has suggested that the following equation ' should be included in all but the most simple models'(3}). Typical values for « and /3 for a wood-lined room have been put fonvard by Jones as a = 0.6 and ~3 = 0.4. Jones further suggests that numbers of this order could be expected to apply to normal types of buildings. Another study(&dquo;) has measured coefficients in a furnished dwellings with similar coefficients, &OElig; = 0.72 and {3 = 0.47. This paper investigates both the Loudon and Jones moisture models by comparing their predictions against measured data.
6 Condensation Targeter II Based on the above modifications, which are graphically represented in Figure 1 , Condensation Targeter II was implemented into an Excel spreadsheet. Four different versions of the spreadsheet were produced to assess the impact of monthly calculations and Loudon's moisture model compared to Jones. These are indicated in Table 2 . Figure 6 shows the results of the Version 2 and 4 seasonal average comparisons. A linear trend-line has been included for both the Loudon and Jones moisture models. Ideally, the trend-line would coincide with the y = x line, which has also been plotted as a dotted line. Figure 7 shows the relative humidity results for the monthly Version 1 and 3 models. In both cases, using Loudon's moisture model, 65% of the relative humidity results are within ±5% of the monitored relative humidity, while 95% of the results are within ±10% RH. The results indicate that relative humidity predictions are overestimated at low relative humidities and underestimated at high relative humidities. For seasonal and monthly predictions of relative humidity, the steady-state moisture model proposed by Loudon shows better agreement with the monitored data than the admittance model proposed by Jones. It is thought that this is because the Jones admittance model is more appropriate for use in a transient situation where changes in relative humidity are determined over periods considerably shorter than monthly or seasonal periods.
6.2 Use of the nwdel Version 1 of Condensation Targeter II has been used to predict the risk of mould growth in a typical 1996 building regulations semi-detached house with typical properties indicated in Table 3 .
Seasonal variation
The monthly variations in relative humidity predicted using the Version 1 model with a fixed internal demand temperature and ventilation rate are indicated in Figure 8 . This indi- Table 3 Description of a 1996 Building Regulations semi-detached house cates that the critical period for relative humidity in this dwelling occurs very early in the heating season. The general trend of relative humidity between October and May, the heating season normally assumed, shows that relative humidity is highest at the start of this season and reduces gradually as the season progresses, which is reflected in the monitored results described earlier. Outside the heating season, the predicted conditions may be less accurate owing to varying internal temperatures and ventilation rates.
The Bredem-8 predictions show that the highest relative humidity occurs on the window and cold bridge surfaces in both zones. Ignoring these surfaces, since the former is not a problem until condensation occurs and the latter should not occur in properly designed and constructed dwellings, the variation in relative humidity between the surface and air for any particular month is low. In modem well-insulated dwellings, such as that indicated in Table 3 , without cold bridges, the difference between airspace relative humidity and surface relative humidity for a particular zone is significantly less than the 10% difference assumed by BS 5250. This is due to the warmer internal surfaces of well-insulated dwellings. The most critical period appears to be October for both air and surface relative humidity.
By modelling the same dwelling using U-values appropriate to a traditional dwelling, it can be shown that the difference between surface relative humidity and airspace relative humidity is significantly greater than in well-insulated dwellings. The average difference between the wall surface relative humidity and the airspace relative humidity in a well-insulated dwelling over the heating season is 2%. For the traditional poorly insulated dwelling, the difference is 10%. For severe cold bridges there may be a 20% difference in relative humidity between the cold bridge and the air, the differ-ence being greatest in the winter. This coincides with the 'at risk' period recommended in BS 5250.
6.4 Regional variations Regional variations are known to cause a difference in the risk of mould growth. However, it is reported in the latest English Housing Condition Survey(') that the variation of the incidence of condensation and mould growth in different UK regions is not marked, ranging from 19% of dwellings with some form of problem in Outer London to 29% in the West Midlands. Although the four least-affected regions are all in the south east of England, with a relatively mild climate and little exposure to driving rain, this geographical and climatic pattern is not reflected in other UK regions. It is stated that the age of the dwelling stock, the provision of central heating and the overall affluence of the region are more important factors.
Condensation Targeter can assist in the interpretation of English House Condition Survey data in a similar manner to the way that Bredem can help interpret energy statistics as it is able to model dwellings in any one of 21 UK regions.
Using data for a traditional semi-detached house, with solid brick walls and single glazing, the Version I model has been used to determine the effect of geographical region on the internal relative humidity. Figure 9 indicates the effect of geographical region on critical relative humidity. Ignoring cold bridges, the critical periods are those where airspace humidity exceeds 70% or where surface relative humidity exceeds 80%. A similar study carried out for a modem semidetached dwelling identified no critical relative humidity periods for any of the geographical locations modelled.
Critical relative humidity generally occurs early in the heating season or before it starts. In addition to this, generally, the further north a dwelling is located the earlier in the year does critical relative humidity occur and for a longer period. The only difference between the results for each region is the data input for the external climate. Future analysis will include regional variations in building stock as well as climate in order to compare predictions with English House Condition Survey data. Also, ventilation rates are likely to change outside the heating period owing to higher window opening, a factor that needs to be studied further. variations on a monthly basis, both regional and seasonal variations can be studied. The most critical period for mould growth, assuming a similar ventilation rate throughout the heating season, appears to be the autumn and not, as often assumed, the winter period. This is due to higher external vapour pressures in autumn being a more dominant factor than the colder winter surface temperatures. The further north a dwelling is located, the earlier, and for longer, in the year is the critical period for mould growth. Of the 21 UK regions, the most at risk from mould growth are the Border regions, Shetland Isles and Western Scotland. The least at risk are the Thames Valley region, the South and the Southwest. This suggests that the key factors in determining the early onset of mould growth may be how the building is ventilated in the autumn period and when an occupant decides to turn on the heating. Although a relative humidity of 70% is often taken as critical for mould growth, any construction with a cold bridge resulting in a Temperature Difference Ratio (TDR) of 0.15 or higher, for example a solid brick wall, is at risk from mould growth at lower relative humidities.
Condensation Targeter highlights the importance of issues other than ventilation that may play a significant role in determining mould growth. In particular, occupant density, insulation, fuel poverty and occupant-set heating patterns play a critical role. Some of these factors may appear to be more the responsibility of housing policy than housing design.
However, issues such as fuel poverty and moisture production are affected to some degree by housing design. For example, the fabric and heating system must be designed to minimise energy costs, and moisture production will be high if the design of the building does not provide suitable facilities to dry clothes and remove moisture at sources of high production. Often such decisions are the responsibility of several different housing professionals. For example, communal drying facilities may be abandoned by the facility manager of a Local Authority in order to save funds, but this can result in extra maintenance expenditure. It is hoped that Condensation Targeter II will provide a structured vehicle by which a more holistic approach can be taken to assessing the risk of mould growth in dwellings.
Softvare based on Condensation Targeter I has been used in court cases where there has been dispute about the cause of mould growth. These normally centre on resolving whether the tenant is producing too much moisture or whether the fabric and services are to blame. This is clearly an issue on which Condensation Targeter II can provide quantifiable evidence. However, care must be taken when using such tools that account is taken of all the underlying assumptions. The main benefit such a tool can provide is to assess whether mould growth is likely if a 'typical' occupant were to inhabit the property. In fact, tools such as Targeter and Bredem cannot predict what a particular occupant will do in their building. What is more, there is little practical point in modelling an existing dwelling with a specific occupant other than for purposes of research. Reality will always be a better model than any computer model. It is therefore far better to monitor what is happening rather than try to model it. The other application of a model such as Condensation Targeter II is to predict what may happen as a result of carrying out an intervention or in the design of a new building not yet constructed. Condensation Targeter II only models average conditions and not peak conditions, as discussed previously. If under average conditions there is a problem, then peak conditions will make the situation worse. However, if, for example, under average conditions there is no indication of condensation, Condensation Targeter II cannot show that there is no risk during peak conditions. Therefore, Condensation Targeter II can only indicate that you might expect mould growth due to poor fabric and/or services but never that the occupant's use is inappropriate.
